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SYNOPSIS 


Ihe thesis consists of three parts. In part i., the 
characteristics of a Na--S battery system are reviewed and 
an analysis of the performance of tubular and flat plate 
battery designs is described. 

In part B, the heart of the battery system viz. the 
electrolyte, and its characteristics are briefly described. 
Characterization of the electrolyte material is critically 
reviewed. Five experimental samples of p stnd p" altmlna 
are evaluated using data obtained frcaa experiments wilh 
three different electrode systems, over a range of tmper- 
atiires and frequencies. 

In part C, the results of the present work are 
summarized and some conclusions drawn. 



CHAPTER I 


INTRODUCTION 


1 o GENERAL 

The prevalent energy crisis and + j-s rapidly miiltiplying 
ecological problems have caused a gra"' concern, all over the 
world. The dwindling conventional ^sources and the increased 
need to mitigate pollution have r/^arked a world-wide hunt for 
cleaner energy sources that ar- not dependent on fossil fuels. 

In case of the traneportatico.. systems, the ma3or factors which 
are boimd to bring chan/e are: energy costs, air pollution, 
passenger handling capacity and impact of the system on 
natural resources* 

The cost of energy from petroleum is going to increase . 

In contrast to thu, central power station costs are predicted 
to decrease. Nuclear energy is projected to become a major 
contributton of energy near the end of the century; since this 
energy will be generated as electricity, the availability of 
such energy in future, should be an attraction for the design 
of electric vehicles ard traction systems now. To make the power 
station power portable, good battery systems must evolve. In 
addition to mobile uses, batteries could be used for stationary 
uses, like large energy banks. The use of batteri«!- is also 
anticipated to increase with the develop of fuel cells and 
solar cells, as their advantages can be fully exploited in 
hybrid systems i,oeding storage batteries* 
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Seireral reviews have assessed the candidate battery 
systems which coiild be considered for general purpose vehicle 
systems ' , Only hi^ energy battery systems can resialt in a 
viable power systoE for a general purpose vehicle. ®one of 
the currently available battery systems fulfils both the hi^ 
energy and the high power density requirements. High temperature 
batteries are attractive for traction applications because they 
offer both high power density and hi^ energy density. High 
energy density is achieved by selecting reactants of low 
eqtiivalent weight and high electronegativity difference. High 
power capability is attained by: increasing the exchange 
current density through the use of one or more ccaaponents in 
liquid forat achieved by operating the Byst«i at elevated 
t^perature, and by using low resistance electrolyte. 

fhe sodium-sulfur systm is a particularly attractive 
system beltmging to this class of hi^ temperature^ hi^ energy 
batteries. It has attracted the attention of more organizations 
than any other system because it has the greatest potential for 
meeting the requirements for an electric car. The system is 
ideally suited for an underground energy bank. 

2. THE SODItM-SULFHR SYSTEM 

The great interest in the sodium-sulfur storage battery, 
using beta-aJLumina as the electrolyte, is due to the fact timt 
the characteristics of the eoaodic and cathodic reactants allow 
one to expect batteries with an ener^r density higher than 
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150 ¥-hr/kg., under satisfactory economic conditions. This 
fact makes the sodium-sulfur battery one of the most promising 
portable power sources . 

This cell, originally proposed by Kummer and Weber of 
the Ford Motor Co., (1967)^ is a product of the interaction of 
fundamental research in solid-state setence and a continuing 
awareness of the energy problem. The cell makes use of a 
revolutionary approach to the battery problem, that of using 
liquid electrodes and separating them by a sodium-ion conducting 
solid membrane of beta— alumina — using a solid electrolyte. 

The schematic diagram of the cell is shown in fig. 1.1a and 
that of a common lead- an A d battery in fig. 1,1b for comparison. 
In the latter case, electrons j^lss throu^ the external circuit 
where they do work, and ions throu^ the H 2 S 0 ^ electrolyte to 
complete the reaction, which is essentially the oxidation of 
lead and reduction of lead dioxide. Bie reactants azid 
products are solid and the electrolyte liquid* 

■Hie reactions in the sodium-sulfur cell ares 

2Na — > 2Na'*' + 26”, at the anode 

2Iia'*' + 2e“ + xS ^►Ka 2 S^» at the cathode. 

The sulfur rich polysulfides formed at first react with 
sodium to give polysulfides richer in sodium: 

2Ka + (x-i.) > ^®’2®x-l * * 3,4,5. 

The operating temperature is dictated by the teaiperature 
at which the product can be retained in a liqxd.d state. Thus 
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tlio imposed constraints can be fotind from a phase diagram. 

The idiase diagram of the Na2S-S system, shown in fig. 1.2, has 
been proposed by Gupta and Tischer^, revising the ore proposed 
by Pearson and Robinson^. The temperatxire at which the 
snlfur-poly sulfide melt can be retained in a ll^^iiid phase sets 
up the lower limit on the working temperature. At a temperature 
of 300°C, solid begins to separate out at a composition near 
that of Ha2S^, At 350^^0, the composition Fa2S2 y wotild be the 
limit. In practice, however, the Ra-2^3 composition is taken 
as the 100^ discharged state. The melting point of 1^28^, 
viz. 275^0, and the boiling point of sulfur, viz, 444®C, hence 
set the lower and upper limits to the operating temperature of 
a sodium-sulfur cell. 

The free energy of formation of ^^2®^ is about 96 Ec^/ 
mole^ at 300®C and the corresponding e.m.f. is 2,08T. Hence 
for a melt rich in sulfur, the e-m-f, of the couple is 2.08¥. 

The variation of the e.m.f. of a s odim-siilf ur cell with the 
variation of the composition of the melt is shown in fig. 1.5. 
Starting with pure siilfur, the voltage remains constauit t in a 
composition corresponding to is reached. It then drops 

almost linearly to 1,76¥, when melt composition corresponds to 
ITa2S^, which is taken as the 100 discharged state. 

3 . IHHESEHT ABYAITTAGBS OF THE SYSTEM 

The heart of the sodium-sulfur battery is the beta- 
alumina solid electrolyte. Since beta-alumina can be made to 
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conduct a range of species ' , there is a choice in the 
selection of the anode material. Sodium is selected because 
it is cheap and easily available, its melting point is low 
and because sodium beta-alumina is easy to fabricate* 

Sulfur is selected as the cathode material, because it 
is inexpensive and plentiful, is in liqxiid state at only 115°C 
and the formation energy of the polysiilfidea is quite hi^, 
which results in a high theoretical energy density of the 
system. I6ider proper conditions, the reaction between sodium 
and sulfur is electrochemically reversible, thus mak-i ng the 
battery rechargeable* Eie polysiilfide melt can be retained in 
a liquid state at a relatively low temperature ccaapared to 
other sodiiim salts* Sulfur is a poor electronic conductor, but 
this problem is easily solved by holding it in graphite* The 
polysulfides of sodium are semiconducting materials, hence 
their accumulation does not affect the cathode reaction. 

The reactants and products being liqxiid, the cell 
reaction is fast, allowing hi^ current densities. The 
reactants can be regenerated in the same physical foimi during 
recharging because they are in liquid form, thus making 
repeated charge— discharge cycling possible. , In solid reactant 
systems cycle life is limited due to this fact. The cell 
reaction is simple and involves no gaseous products. Side 
reactions can not take place in the system thus ruling out 
the possibility of self -discharge. 
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!IIlie hipest "Tapor pressure encountered in 
would be the vapor pressure of sulfur, viz. /s^60 mn of Hg at 
500^0. Comiaon laaterials can be used as containers. Stainless 
steel has been fotmd to be quite satisfactory. 

4. ms FIRST* TJLBmjLTORY tBRSIOH 

lEhe small laboratoiy cell, developed by Weber and 
Kummer^ is shown in fig. 1*4. cell, enclosed in a sealing 

glass envelope, used the stabilized g^-aluaina, with a 
resistivity of 5 ohm-aa. at 300®C, as the electrolyte. Bie 
ceramic was in the form of a thin walled tube to which -a 
sodium reservoir was sealed at the top. Surrounding the tube 
was the sulfur electrode a 3 thick layer of carbon felt, 
holding the liquid sulfur by capillary forces. ®he graphite 
electrode was backed by an alloy current collector while a 
wire dipped in the liquid soditaa acted as the anode ourrent 
collector.. 

I^pical charge-discharge curves for this cell, having 
a 0.8 mm thick ceramic electrolyte are shown in fig. 1.5. 53ie 
voltage-c\irrent density relations drawn in fig. 1.6 are 
essentially strai^t lines and show the absence of overvoltages 
due to slow reaction or slow mass transfer — activation or 
concentration polarization. Results obtained with small 
laboratory cells proved that the sodium— sulfur syst©a was a 
very premising one. 
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> , RECENT DB¥T?T.nPMlSTa-'FR 

Tlie early promise of the sodiiim-sulftar cell has not 
fully materialized so far. The problem areas in the design and 
operation of the cell are resistivity of the solid electrolyte, 
electrode polarization, corrosion of cell materials, degra- 
dation of solid electrolyte after frequent charge- discharge cycles 
and the operating tempera tiu:‘e , Work is continuing towards 
solving these problems in Britain^^^^, Japan, 

France^^“^’^, U.S.S.R^® etc. 

!Hie Ford Motor Co., the pioneers of the sodium— sulfur 
cell, have not come up with a completely practical battery tin 
now. In Britain, the British Rail^-ys started to develop a 
practical battery for their traction system. They have 

developed_and tested tubular as well as flat plate battery 

10^12 

designs . They have standardized on a working temperature 
of 550 C, !iaie tubular cell arrangement was adopted for initial 
experiments because in this design, the sealing area between 
the electrolyte and the cell wall could be kept to a minimum. 

A number of single tube and multiple tube cells were constructed 
and specific energy of AOO ¥-hr/kg was achieved. The flat plate 
batteries were designed for high rate systems (discharge time 
1 hr). The longest life achieved at a current density of 
120 mA/oa^ was continuous 1000 hours, consisting of 400 cycles 
of charge-discharge. 

Tests were reported by Slee tricity Council Research 
centre C&.B.) on cells of about 45 Ahr capacity, whi ch gave 
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erratic performance and failed early duo to beta-alumina 
diaphragm break-down , Life times of over 5000 hours have 
now been achieved by this group ^ in continuous charge- 
discharge cycle tests (4 cycles/day)j where the maximtaa 
discharge current is restricted to 200 mA/cn and maximum 

o 

charging current to 100 mA/cm^, 

14 15 

Stainless steel cells were constructed in France * , 

and the break-down of the electrolyte prevented by controlling 

the rate of re-charge. (Hlie group has studied the mechanism 

of degradation of electrolyte, and gathered evidence to prove 

that magnesia additions and presence of contaminants result in 

16 

the reduction of life-time of the beta-alumina electrolyte 
This group has standardized a fusion synthesizing method for 

beta-alimiina electrolyte and has used electrojAioresis to make 

17 

thin, closed-end beta-alumina tubes . 

la alternative approach to increase the operating life 

of the systCTi is to decrease the working temperature and this 

20 

was tried in U.S.l. - by the addition of aliminun polysulfides 
to the sodium polysxilfide melt. In electrode material with a 
melting point of 200°C was achieved. This also permits sealing 
with taflon. 

The Ford Motor Co., seems to have solved the cycle life 
problem, as they have achieved a life greater than 2000 cycles 

O 

in their cell designs . 1 systematic study of the problems 

associated with the system has been undertaken. She degradation 
of the electrolyte has been studied and methods to avoid ceramic 
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cracks — by optinizatiom of material composition and 
fabrication ' — have been developed. A 12 volt battery of 

24 tube cells, connected to give four paiallel sets, each 
containing 6 cells in series, has been tested^, The battery, 
designed for 250 ¥, was tested for 300 ¥ and gave peak power 
of 400 ¥ for short dtirations. A reversible capacity of 15 A-hr 
was found, compared to the theoretical capacity of 20Ar-hr. 

The electrical performance of individual cells has been 
very encouraging. Cells designed to be identical gave variation 
in amp~hr capacity and internal resistance. Due to this 
unbalance, a string of cells in series shows a lose of 
performance. 33ie sensitivity to unbalance is greatly reduced 
when cell strings are connected in jeirallel. 

More work is needed to improve electrol3rte life and 
cell reliability before aulti-kilowatt batteries can come into 
the market . 

6. COMPARISOir ¥ITH OTSBR SYSTEMS 
6 •! Advantages 

The achieved or projected performance characteristics 
of some of the battery systems are shown in table 1.1. IHie 
soditua-sulftir battery uses a moderately high tempei*at\ire, and 
yet gives a high specific energy and power. The theoretical 
specific energy of ' tfee'-system is 762 ¥-hr/kg, ccaapared to a value 
of 192 ¥-hr/kg for the lead~acid battery. It is believed, 
however, that a value of 330 ¥-hr/kg can be easily achieved for 
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Table 1>1 


Btetimated Properties of Electrical Energy Storage Cells 


Cell Typical Eesistirity Cell Current Specific Specific Operat- 

Temp. of voltage at doasity. Power ScerOT, ing 

Oq Electrolyte discharge 6/cn^ W/kg W-hr^g life 

ohm-cm . volts cycles 


Lead- 

acid 

40-50 

1,53 

2.1-1.46 

li-Pe 

0-40 

1*96 

1.3-0.75 

li-Cd 

40-60 

1.96 

1.3-0.75 

Ag-Zn 

0-40 

1.96 

1.55-1.1 

Ig-Cd 

40-60 

1.96 

1.3-0. 8 

Li-Cl^ 

650 

0.17 

3.40 

Id-fe 

450-480 

0.26 

1.79-1.67 

Ka-AAr 

150 

3.58 

2.3 

Ifa-Bi 

540-580 

0.44 

0.8—0*44 

Zn-Air 

25 

- 

1.4 

IJa-S 

300 

5 

2.08-1.76 


0.01 

7-50 

4-33 

10-400 

- 

7-40 

30-35 

100-3000 

0.01 

7-44 

35-40 

1^0—2000 

0,45 

24-150 

80-100 

100-300 

- 

20-66 

50-60 

500-1100 

1-3 

80-150 

350 

- 

2-5 

280 

180 

- 

0.07 

90 

350 

- 

0.5-1 

80 

40 

500 

- 

60 

o 

0 

1 

o 

o 

300-400 

0.7 

330 

330 

2000 
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practical systems while only 5-50 ¥-hr/kg is achievable for 
the lead-acid system. 

The system gives energy densities comparable to the 
high energy density systaas such as lithitaa-chlorine , which 
require a higher operating temperature, and involve more severe 
materials problems. 

She system uses an impervious ceramic as electrolyte, 
hence there is no chance of diffusion of reactants throti^ the 
electrolyte that would result in self-discharge. 5he cells are 
capable of yielding very hi^ current densities ( 4CK) mA/cm ). 
The iMitteries can be recharged at a high efficiency even at 
very hi^ charging rates. 

6.2 Iijgltatione 

Kie limitations of the system are siaamari^d below: 

i) Hi^ temperature is required for operation idiich 
necess^ates use of a thermal shield. In case, a battery cools 
below the operating temperature, it has to be heated to a 
temperature beyond 300°C for restarting. Hence heating coils 
are needed in addition to thermal insulation for intermittent 
operation, and these will increase the btilk of the system. 

ii) !I3ie internal resistance of the presently fabricated 
cells is high, and. this limits the current density. 

iii) The most severe problem is the short life of the 
electrolyte in terms of the number of charge-discharge cycles. 

iv) The durability of the seals and cathode current 
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collector under the working conditions is a limitation. 

v) Ceramics are sensitive to mechanical and thermal 
shock and thermal cycling. 

vi) The present designs of the battery are not safe 
and reliable. Breakdown of the electrolyte can cause mixing 
of the reactants and lead to an explosion. When used in 
mobile equipment a calamity can occur in case of an accident. 
Thus the packaging of the battery is a challenging engineering 
problem. 

7. 0EERAT1H8 FEATIRES 
1 »1 Operating Tanner a ture 

A number of factors must be considered in choosing the 
operating temperature of the battery system. To allow for 
large teapeiuture excursions, the operating t^aperature should 
be in the middle of the available range, i.e., aborut 550°C, 
considering 275°C and 444®0 as the lower and tipper lisiits 
respectively. With increase in temperature, the performance 
of a battery should improve, because the solid electrolyte 
resistance is lowered and mass transfer in the sulfur electrode 
becomes faster. A higher operating temperature would be 
desirable in view of the above. This is, however, offset by 
the fact that the corrosion rate increases with temperature. 
Thus, in order to achieve a reasonable life, the operating 
temperature must be kept low. Hence, until good corrosion 
resistant materials are found, the temperature of operation 
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2 iust be limited to 300°C, 

7.2 Anode-Cathode Yolttme Changes 

Volume clianges within a cell can take place hecause of 
a variety of reason: thermal expansion, depletion or creation 
of material and phase changes or product formation. Ihese 
changes must be accounted for in the design of a battery. 

Since the densities of sulfur and the sodium polysulfides melts 
arci. nearly the same, about 40 percent increase in volimie takes 
place on complete discharge in the cathode chamber. On the 
other hand, the volume of sodium decreases linearly with the 
depth of discharge and the incorporation of a poroxis wick can 
ensure that sodium is brou^t to the electrolyte surface. 

8. COMPOMBHgS. IHB SmiEE Qg ART 
3.1 Electrolyte 

Fally et al bay© shown that the presence of impurities 

and J3g0 additions are responsible for low cycle life. Ehis 

group has therefore standardized use of pure p-alumina. The 

Motor Co, claims to have solved the life-time problem. 

They have investigated ceramic compositions to optimize 

durability, ease of fabrication and electrical properties* 

On the basis of screening tests developed by them, the 

composition 9 * 25 % ^^2® “ ^*25 I»i 2 C -- rest -^2% found 

21 

to he superior to all other compositions tested. 


♦ Covered by 0.S. Patents (not available) 
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Presently discs with resistivities of 4-15 ohm-cm. and 

cell life of at least 5000 hours with current reversal at 

2 

0.2-0.25 A/cm*^ can he produced consistently in the laboratory. 
8*2 Carbon- Sodium Polvsulfide Electrode 

The conductivity of sodium-poly sulfide melts have been 
measTired.^^ The total cell internal resistance remains 
approximately constant over the composition range S to 
Experiments have demonstrated that this electrode is hi^ly 

Q 

reversible with very high exchange current densities , 
Bierefore, the reaction at this electrode is not likely to 
become the rate-determining step. However, the complex set 
of chemical reactions, preceding and following the electron 
transfer step, ocaabined with the high resistivity of sulfur, 
may result in mass transport limitations , Experimental studies 
have demonstrated that these limitations may become significant 
depending upon the size and shape of the cathode. 

In the charging process, hi^er sulfides and sulfur are 
formed which subsequently equilibrate with the bulk of the 
STilfide phase by chemical reaction and diffusion until a 
sulfur saturated Ha 2 S 5 melt is foimed with any additional 
sulfur remaining as a separate phase. During discharge, lower 
sulfides are formed which equilibrate with the bulk of the 
melt and take up more sulfur, until the melt composition 
reaches the liquidus line in the phase diagram and the solid 
]fa 2 S 2 ho longer dissolves in the melt. Establishment of a 
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sulftir electrode design capable of Bin imi zing concentration 
polarization is necessary. 

8.3 Seals 

The life-time of a Ha-S battery depends on the 
durability of the seal used. In addition to being passive to 
the cell reactants and products, the seal must have: hi^ 
electrical resistance, thermal expansion coefficient approxi- 
mately equal to the ceramic, mechanical strength and 
resistance to thermal cycling. 

Seal materials and techniques ttsing a borosilicate glass 
frit are being developed for sealing electrolyte to the 
insulating ceramic. Polymeric adhesives, glass seal in g and 

brazing have been tised to seal the Insulating ceramic to the 
S 

metal container . 

8.4 Container Hater^als 

Cheap, li^t-wei^t and corrosion resistant materials 
are required for containers. Corrosion studies have been done 
on possible container, backing electrode and connector 
materials, A number of stainless steel and nickel base alloys 
have been tested and found satisfactoiry, as they form protective 
sulfide layers. These layers, however, give rise to a large 
resistance which is undesirable in the case of backing 
electrodes . 

Althou^, the results so far obtained establish the 
advantages of the Ha-S battery concept, further research must be 
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carried out bofore a practical battery with sufficient life 
time and reliability can be built. 
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CHAPTBK II 

SI43IBMSFT OF THS PROBIjBM 

Hie primary aim of the present work was to investigate 
the possibility of using be tar-alumina prepared in this 
laboratory for the fabrication of a sodiiam— sulfur cell. 
Concurrently, it was thou^t worth while checking: which 
parameters are critical in determining the performance of this 
cell and idiat are the essential properties required of an 
electrolyte material to be xised in the cell. Since other 
research groups have had problems associated with Idde life-time 
of the high conductivity beta-alumina, a need exists for the 
determination of the amount of electrical conductivity that 
can be sacrificed to achieve improved performance regarding 
cycle life* Analysis of various battery configurations was 
taken up with this view. 



22 


CHAPTER III 
AHALYSIS 

1. IHOROPUCTION ■ 

Several factors miist be considered when applying a 
battery system to a practical application. For mobile "use, 
the factors are; performance, operational features, impact on 
traction system design, cost, safety and durability. For 
stationary use, such as an energy bank, the overall bulk may 
not be a constraint but optimization of performance is still 
important • 

Hie performance of a battery depends upon the discharge 
efficiency and the discharge rate? Knowing the internal 
resistance of the battery and the dimensions, mie can calculate 
the performance of the battery i.e., the variation of energy 
density and power density with discharge time and discharge 
efficiency as parameters. Using internal resistance data 
obtained in the laboratory, these calculations can be done 
using a digital computer. Employing many rele^nt combinations 
of parameters, results can be used to determine interactions 
between component dimensions, operating conditions and cell 
characteristics . 

2 . ASSmmiQES 

In performing these calculations, the following 

assumptions have been made unless otherwise stated. 

See' appendtix for definitions). 
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i) Converaioa to Ha 2 S^ is taken as lOOjC discliarge. 

Energy released is calculated from the free energy change 
associated with the formation of In practice the 

percentage utilization of sulfur is less than lOOJt, !Ehis is 
more pronounced during the first few cycles ( ^^63%) and in 
tubular cells. 

ii) Eie ionic conductor has a negligible electronic 
conductivity , so that the current efficiency can be taken as 
lOOjS. 

iii) (She internal resistance of the cell is ohsiic. 
Constant resistance is shown by cells upto a current density 
of 500 mA/cm^.^ (fig. 1.6). 

iv) Bie cell internal resistance is independent of 
the state of discharge, (fig. 1.5). 

v) The operating temperature is takeh as 500°C. 

Bie assumptions can not be true under all the operating 
conditions. It has been founds however » that assumption (i) 
is valid upto a current density of 500 ml/cm^, at least for the 
flat plate design. For the tubular design the cell internal 
resistance has been taken as given by r = 0,5 + 5t (ohm-cm^), 
where t is the thickness of the electrolyte; because of the 
fact that the sulfur electrode resistance can not be calculated 
accurately because of the complicated geometry. For flat-plate 
cells the internal resistance r is taken as given by 

^ * ^se^se 

The symbols used are defied below 
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*> 

The resistivity of s^i 3 .fur electrode = ^ qq ~ oim-ca^ 

=s 5 ohin-cm, unless otherwise specified, 

*= thickness of sulfur electrode 
se 

t = thickness of electrolyte. 

The resistance of Ha/p-aluaina interface has been neglected as 

■51 

this has been proved to be negligible^ . 

3 . EERPORMAHCB 

5.1 Average e.m.f, of a Cell 

The e.m.f, of a Ha-S cell stays constant at 2 . 08 ¥ 
upto a depth of discharge of about 60 % and then falls linearly 
to a value of 1.76¥ at 100?C dischar^. (see fig. 1 - 5 ). 

Hence the average e.m.f, 

® 2.08 + 0,40 ( 1.76 + 2 . 08 ^ 

'St V 

=* 2.016 ¥olts, 

.'SV 

5.2 laergy Released in the Reaction 

The free energy change associated with the reaction can 
be obtained using the Oibbs-Helmholtz eqn. 

Q/nF = B - 

at constant T, Q = BnF 
where P =* 23»070 farads 
* order estimated from 

i) Sudworth^S 

ii) Minck 9 
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n = 2 (as two electrons are transf eorred for the 
foraation of one molecule of any phlysulfide) . 


Therefore 


Q = 2.016 X 2 X 25,070 


= 93 •01 Kcal/mole 


or Q = 

or Q = 
Therefore G » 


762.8 ¥-hr/kg of Na2S^ (product) 

762.8 X ^ X lO"^ ¥-hr/gm of S. 

Q = 1.125 V-hr/gm of S, 


3-3 Discharge Efficiency 

Let us consider a cell containing m gms. of sulfur. 

(The corresponding amount of la for the product at 100^ 
discharge to he S& 2 ^^ i® therefore ia/2.1 gms). Let the internal 
resistance he so that lAen a current I is drawn the 

average output voltage is 


Power consumed in the load 

Po • I.[VJ = 

Assuming a discharge time of T hours the energy constaaed in 
the load 

low, packed energy in the cell (based on mass of sulfur) = 

mG(¥-hr) 

(idiere m is in gms, G is in l-hr/gm). 



2 « 


Amp, hours spent in the load and internal resistance = mG/S, 


av 


Assuming a discharge time of T (hours) average current = I = 


Power in the load = I.T 




mG 


or 


I’d = 


I®, 


av 


R. aG 

av bTZt ■' 
av 


Energy constamed in the load, 


R. mG 
= mG|l - ] 


Discharge efficiency "based on packed energy, t}^ 

Ri^ mG 


9 

B T 
av 

¥ 

ISL 

* mG 


or 


= 1 - 


2 ?^ 

av 


Por a specific cell, 


where C 


R.„ mG 

'XH 


av 


1 - C/T 


is a constant* 


B T 
av 


fo calculate the watt-hour efficieiicy of a cell in 
operation where it is charged electrically, the energy needed 
to charge to IOO5C charged state can be calculated assuming same 
internal resistance and charging time, hours. In a 
similar manner the watt-hr efficiency would be given by 




1 - C/T 
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In Na-S colls the c\irrent density during charging is 
limited to a considerably lower value than that during 
discharging, because the life of the electrolyse is critically 
dependent upon the current density during charging. Here only 
discharge efficiency is considered because the energy lost 
during charging is not important, what is important is 'How 
much of the packed energy is usefully employed during discharge*. 
Hence 


= 1 


R. m6 
m 

av 


. . . ( 1 ) 


will be taken as the parameter. 


Uso s: mQ .... (2) 

3.4 Sneclfic Bnergy 

Specific energy is given by 


s o' ’ 

x'here M is the total mass of a cell or battery. Here, the 
mass of accessories is not considered, and M will be calculated 
in terms of m, the mass of sulfur, which is dependent upon the 
operating parameters and T, 

From eq. (l) 


m 


W7 


xn 




.(la) 




Also 


mG p^/M 


. .(3) 
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Specific energy will now be calciilated for tnbtaar and 
flat plate colls, starting with the simple case of a single 
tube cell. 

4. SIH&IB TUBE CBIL 

The proposed gecmetry of a single tube cell is shown 
xn fxg. 3.1. let us assuixe^ 

active tube ler^h = 1 (ceis) 

average diameter of the tube = d (cms) 
thickness of the tube = t (cas) 

and thickness of cell wall = t (cms) 

w 

4- .1 

She mass M of the cell is ^vea by the sum of the 
masses of the various ccmponeats. 

M = mass of sixLfur + mass of sodium + mass of graphite 
+ mass of electrolyte + mass of outer casing 
+ mass of accessories (lea.ds, seals etc.) 

The mass of the accessories will be neglected in the ccmiputation, 
as this will not caiise much change in the performance- For a 
practical system, other accessories such as thermal insulation 
and heating coils are needed, and these m\ist be accounted for 
in estimatii^ the performance. 

.’r.asBos of the various components nra calculated in 
terms of the mass of stafur, m. 
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a) Sodixm 

To maintain constant level of sodium in the tube 
with discharge, some excess sodium must be taken in the 
reservoir. 


Ideal mass of sodium 

Yolume of electrolyte tube 
Therefore mass of excess sodim 
Total mass of sodium 

b) Oarbon-felt 


ra/2.1 (gms) 
0.476 m 


^ X d^ X I 


0.88{n X d^ X L/4) 
0,476 m + 0.692 d^L 


Mass of product = m + 0,476 m = 1,476 m 

Density of product = 1,86 (gm/cc) 

Volume =: 1,476 m/l,86 

Considering carbon felt of 97^ porosity, the volme of the 
cathode 


1,476 m 
“ 0*97 i i- 86 

Density of carbon felt 

. ‘ * Mass of carbon felt 


0.818 ffl 

- 0,085 (gm/cc) 

= 0,818 X 0.085 m 

= 0,0695 m. 


c) Bleotrolyte 


Volume of p^-alumina 


it-d.L 1*05 t 



32 


(Assuming % extra length a.nd neglecting the h?.se of the tube) 

Mass of Electrolyte = 3.2x7idI(Xl.05t 

10 a L t 

a) Stainless Steel Case 

Knowing the volume of the cathoae (0.818 m), the 
aiameter of the cell case is founa to be given by 

D = (1.043 m/L + 

Using 7.75 gm/cc as the density of the stainless steel, the 
mass is given by 

mass of case = 7.75 n U t U 

w 

= 24.35 I* t^ B 

w 

Neglecting the mass of the Insulating separator, and 
knowing the mass of sodium to be contained £= m/(2,l x 0*88)] 
the mass of the sodium tank can be calciilated. 
fflie overall mass of idle stainless ssteel 

s 24 ..35 If U + 2.165 t^ m/3) t 12.2 t^ 3) 

Taking the sum of all the masses , the overall mass of 
the single tube cell is given by 

M = 1.55 m + 0,692 d^ 1 + 10 d L t + 24.35 t^ D 

+ 2.165 m/D + 12.2 .... (4) 

where D = (1,043 m/L + 
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4.2 Internal Reaiatance of the Cell 

IThe internal resistance will be assumed to be given by 

^in “ r/irea . . . . (5) 

where r = 0.5 + 4 t 

and Area = n d t. 

4.5 Hesults 

Taking the following data, the specific energy of the 
cell is calculated as a function of the various parameters, 
using eqns, (l) - (5). 

Tube diameter, d = 1.0 cm 

Cell wall thickness, t^ = 0.04 cm 

Effective length, !• = 15.0 cm 

Electrolyte thickness, t «= 0.1 cm 

Discharge time, T =1 hour 

Discharge efficiency «= 0.75 

Electrolyte resistivity, 4 ohat-om. 

The performance is shown in fig. 5 #4, where variation 
of the specific energy with electrolyte thickness, wall 
thickness and discharge time has been plotted. Fig. 5 *5 shows 
the performance with variation in discl^rge efficiency and 
electrolyte resistivity at thicknesses of 0.1 cm and 0.2 cm. 


MDDTlTimB PELL 


The proposed geometry of a mialtitube cell is shown in 
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fig. 3.2?' Some furtiier assianptions made in tMs caae are: 

i) The cell case cross-section is taken as a square, 
which has the minimum perimeter for a given area. The side of 
the sqTiare is just large enou^ to accommodate fl tubes with 
clearaoice . 

ii) The minimum clearance between the electrolyte tubes 
is taken as 0,2 cm and that between tubes and cell walls as 
0.1 cm. 

iii) The sodium reservoir is assmed to consist of a 
3 mm thick, a-alumina tank, with the p-alum i na tubes sealed to 
its base. 

iv) Dead sjace at the bottom and the accessories are 
again neglected. 

Proceeding as in the single tube case, the overall mass 
of the cell is given by: 

M * 1.55 m + 0,6908 Dir(d^ - 2t)^ + 7.75 % 

£A(4D + A)] + 2*56 m/A. . ♦ • • (6) 

where the tank dimension is: 

A « .[ a + 0.785 .... (7a) 

The clearance between the tubes is: 

0 =* A/yU - 

In case c turns out to be less than 0,2 cm (using eq. (7a))f 
it is taken as 0.2 cm and correspondingly the expression for A 
gets modified to: 

* Refer to this diagram for ncmencla'bure , 
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A = (dt + 0.2)fir .... (713) 

The internal resistance of the cell is; 

^in = (5 t + 0.5)/H 7t d^ 1 .... (8) 

Using eqns. (l) - (5) and (6) - (8) the perforiaance of a 
mtiltitube cell has been evaluated and is shown in figs. 3.6 
and 3 * 7 . The data used are given on the diagrams. 

6. DISC TTPE BATTERY 

Disc type geometry can result in a high voltage and 
high rate battery. A schematic diagram is shown in fig. 3 . 3 . 

In this case, the electrode geometry is clearly defined and the 
variation of the sulfur electrode resistance can be allowed 
for. As the sulfur electrode resistance increases, there is a 
small change in the resistivity of the electrode, this change 
is neglected in the calculations that follow. Again, the 
variation in resistance with the state of discharge is 
neglected. 

The important component dimensions are: ele^trol^e 
disc diameter, disc thickness and cell wall thickness, The 
thickness of the sulfur and sodium electrodes depend on the 
discharge efficiency and the discharge time and these two, 
therefore, have a marked effect on the performance of the 
battery. 
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Homenclature : 

Diameter of electrolyte disc = D 


Thickness 

of electrolyte 

sr 

t 



Fiimber of 

cells 

c; 

I 



Thickness 

of cell wall 

== 




Thickness 

of bipole 


^bp = 

0.04 cm 

(assiuned) 

Thickness 

of end plates 


^ep “ 

0.15 cm 

(assumed) 

Thickness 

of sulfur electrode 

= 

^se 



Thickness 

of sodium chamber 


"‘^Na 




6 .1 Total Mass of the Battery 

The masses of sodium and graphite resiain unchanged in 
terms of the mass of siilfur, therefore, as in the earlier cases; 

mass of sulfur per cell = m 

mass of sodixim per cell - 0,476 m 

mass of carbon felt = 0^0695 m 

_Tv^ 2 

Mass of electrolyte s= — jp t 3-2 = 2*51 t 

In order to calculate the mass of the cell wall, its dimensions 
should be known, t^^ and tj^^^ should therefore be known. 

Volume of the cathode chamber = 0.818 m. 

2 ' 

t ^ = 0.818 m 

= 1.019 m/D^ 

t_ = 0.689 

fia 


Similarly 
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The overall length of the battery = ^Fa 

Taking the assumed values of the cell bipole and end 
plate thickness and assuming stainless steel as the material, 
used, the total mass of the cell can be calculated asJ 

' M = H[1.523 m + 2.51 J>h t 24.4 

+ 0.689 m/D)] + 1.581 .... (lO) 

Computation of t^^ follows later, 

6.2 Internal Resistance 

The internal resistance per cell is: 

f B ~ fae 

It D^/4 

because with t„ < 2 mm, the sulfur electrode shows negligible 
reaiatance^^. 

Jissuming 

ss 5 ohm-cm 

and Fee * ohm-oi^ 

O I 

at a working temperature of 300 0, 

®in = ^ It + Zltge - 0.2)] when t^^ > 0.2 

jjj ^ t when "^OQ F* ^*2 » • » .(ll) 

jj2 se V 

6.3 Sneoifio Saergy 


I^x att N cell Stack, the energy output is given by: 
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= m G N 11^ (12) 

wliere m, and are per cell quantities. 

Using eqns. (9)— (l2), considering only positive sign in the 
solution of the quadratic equation i > 

T 

■tge = 0-1 “ V4 + ^I(t - 0.4)^ + 1.576(1 - 

.... (13) 

If eqn* (12) yields t_„ less than 0.2, t„„ is put 
equal to 0.2 in further computation. Using eqns, (3) and 
(10)-(13), the specific energy can now he ccmputed with the 
variation of different dimensions and parameters. !Ehe 
performance is shown in figs, 3.8 and 3.9. ®ie data used is 
listed helowi 

D = X5 <m 
t m 0,2 cm 
t ss 0*08 csa 

W 

T =3 1 hr 
= 0,80, 


IRBLIHtNARY BBSIGN OP A GBHBRAI PURPOSE VEHICLE MfTBRT 



(Ehe battery of a general purpose vehicle must be capable 
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of sustaining the car at 60 m.p»h. for about 200 miles and 
provide peak power to accelerate the car from rest to 60 
m.p.h. in less than 13 seconds.^ This acceleration require- 
ment requires about 90 kW from the battery. At 60 m.p.h. the 
traction motor would require about 20 kW. (Hierefore, the 
minimum requirements for a battery would be 20 kW and 20 k¥- 
hr (for 60 miles range) and a peak power of 90 kW. Design 
considerations of the power processing and traction machinery 
suggest an O.C.?. of 240 7, and a minimum voltage of 150 V 
will provide a good compromise of li^t-weight motors and 
po\^er processors and hi^ system efficiency. 

Discharge time « 20 kW-hr/20 k¥ = 1 hr. 

I peak « 90 X 10^/150 * 600 A 

Resistance of the battery = 0.150 ohm. 


Using' this value of resistance and a power of 20 kW in the 
load, the battery voltage and curr^t must be 225 7 and 100 A 
respectively. Taking 400 mA/cm® as the operating ourrent 
density, the required surface area per cell would be: 

Number of cells required = = 120. 

7.2 Masses of Reactants 


(Bxe ideal energy density of a Sodium-etilfur cell is 
0.762 kW-hr/kg* this, the ideal mass of 
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products 

= Sffel = 2® *'6. 

Mass of sulfur = x 26. = 17.55 kg 

Mass of sodium = x 26 = 8.45 kg 

In practice, an energy density of about 200 W-hr/kg can be 
achieved, hence the overall mass of the battery would be about 
100 kg, 

7.3 Pissimtion 

Ihe ohmic losses dissipated dirring cruising ares 
(240 - 225)100 = 1.5 kW 

In addition to these losses, there is a loss of about i 

880 750 130 W-.hr/kg of 

Heat loss due to entropy change 

= 150 X 26 = 5.38 kW 

Therefore total heat to be dissipated = 1.5+3.58 = 4.9 ktf 

Hence the cooling system must dissipate about 5 kW at 

300 ° 0 . 

8. DISCUSSION 

Prom the computed performance! the effect of the 
component dimensions on the specific energy can be seen to be 
quite large. The effect of discharge time and discharge 
efficiency is, however, more pronounced. But these are 
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governed by the application for which the battery has to be 
used. Therefore for a particiaar application, the component 
dimensions must be optimized. The electrolyte thickness is 
the most critical factor for a tubular cell, as shown by fig. 

5 . 4 . 

J’ig. 3.6 shows the performance as a function of tube 
diameter with number of tubes as a parameter (the curves are 
accurate only for large N, and H = 1). Prom these curves an 
optimum value of tube diameter can be found to be 1 cm for a 
single tube cell and 0,75 cm for a 100 tube cell, under the 
conditions specified. The performance improves as the nimiber 
of tubes per cell increase. 

The sensitivity of the perfonaance to tube length is 
very small beyond a length of about 10 cm as shown for a 100 
tube cell in fig. 5,7. 

In flat plate batteries , the performance improves with 
increase in the number of cell as expected ( 2 ‘ig. 3.8a). She 
Specific energy is optimum at a discharge efficiency of 0.8 
for a 12 cell stack (Fig. 3,8h). With this efficiency of 0,8 
as a fixed parameter and a disoharge time of 1 hour, the 
performance of a 12 cell battery has been calculated, and is 
plotted in fig. 3.9. The electrolyte thickness is again found 
to be the most critical factor. A thickness of 0.2 cm has 
been taken as the datum because battery plates of large diameter 
and very small thickness are difficult to fabricate, and may 
break due to mechanical shocks. 
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In all the above mentioned computations, the electrolyte 
resistivity was taken as a constant. Ihis was varied in the 
case of a single tube cell and the sensitivity of the perfor- 
mance to electrolyte resistivity is shown in Pig. 3.5 for two 
electrolyte thicknesses, one very small, 0,02 cm, and the 
other 0.1 cm. It is clear that as long as the variation is 
not very large (order of magnitude), the specific energy does 
not change much. In fact, the performance is more sensitive 
to electrolyte thickness rather than to electrolyte resistivity. 

An electrolyte which has better mechanical properties 
and thus can be tised in the form of very thin tubes or plates, 
need not have a very high conductivity in order to give good 
performance. Hence, for a candidate electrolyte material, the 
mechanical properties and electrical conductivity can be 
adjusted (by varying fabrication or ccm^position) to optimize 
performance. 
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CHAPT2R IV 

SOLID BLEOmODITB ilBifBEAKB 


1.1 General 

!I3ie solid electrolyte membrane is the critical 
component of the sodim-sulfur celli and most of the 
research has centred around dereloping it. The reqxiirements 
of a membrane are stringent j good ionic conductivity, liigh 
electronic resistivity, impermeability, and reasonable life 
in use are essential properties. 

Originally Ford Motor Co. examined glasses of the 
soda-alumina~silica system. Mo glass composition was found 
suitable and during investigation, a crystalline material 
beta-alumina was encountered. (Beta-alumina is not a form 
of AlgO^ but a sodium alumiimte). ISie compound and its 
structure were faiown, but its high ionic conductivity had 
not heen discovered. Beta-alumina was found to have the 
sought after properties. 

1.2 aanirical Formula and Synthesis 

p-alumina has the empirical formula Ma 2 C.llAl 20 |j and 
when first named was thought to be an isomorph of AlgO^j, 
since the presence of soda was ignored or undetected, later 
work proved the neoessary presence of soda and the empirical 
formula mentioned above was a resntilt of Xr^^ray work. In 
reality, the ocsmpound is massively defective and contains a 
larger amount of soda than that indicated by the empirical 
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fonnula. Another compoimd designated P -altmiina, with an 
empirical formula ^20.5^120^, also exists in tho ira20-Al20^ 
system. 

P-aliMina can he formed by heating la2C0^, with any 
one of the modifications of -^2^3 hydrates, to 

'^1500°G. Heating to 'X/1100®C results in p -alxaaina, which 
converts .to p-altmiina and sodium aluminate at "y 1500^0. 

It IS necessary to stabilize p -alumina to laake it sinterable. 
This can be done by the addition of "^^ 2 ^ Above 

1400°C, beta-alumina has an appreciable vapor pressure of 
Ha20, which leads to its decomposition to a-alumina. Because 
of this, precaution must be taken in the synthesis of beta- 
alumina to prevent soda loss to the atmosphere. ®ie Ford 
Motor Co, has used sealed platinum containers in which HUgO 

'O-M-oO compositions 
at a temperature around 1580^0, to get compositions nominally 
designated as P-AI2OJ NSgO SAlgO^.^^ Densities nearing the 
theoretical densities (5.25 gm/co) have been achieved. 

1-3 Crystal Structure 

P-alumina has a hexagonal layer structure, with the 
lattice constants a = 5.59 A° and c = 22.53 A° (fig. 4.1). 

The Ha ions are situated only in planes which contain, in 
loose packing, an equal number of Ka and 0 ions (fig, 4.2). 
These planes are 11.27 A^ apart and are perpendicular to the 
c-axis. Between these sodium ion containing layers, there 
are four close-packed oxygen layers with appropriate A1 ions 


atmosphere is maintained.to sinter Alo0*-Ha/, 
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in both octahedral and tetrahedral holes. These close-i«.cked 
blocks are sometimes referred to as ’spinel blocks' because 
of their similarity to spinel structure. 

The spinel blocks above and below the Ha ion containing 
la.yer are bound together not only by the sodium ions, but 
also by Al-0~Al bonds, giving rise to a rigid framework. 

Extra positions are available in the sodium containing layers 
for atoms in addition to the number given by the ideal 
empirical formula. The excess sodium ion concentration is 
probably neutralised by aluminum ion vacancies. 

tf 

stabilized P -alumina, having an idealised formula 
Ha^MgAl^QO^Y , and Ei^O stabilized ^Al20^ 

Ha20,6Al20^ have rhombohedral structure that is very 
similar to the structure of hexagonal p-alumina, except that 
the c-axis is 1,5 timee as large* 



Consideration of the crystal structure of beta-alumina 
leads one to tho conclusion that the diffusion of Ha"^ ions 


in this material can occur two dimensionally, in a plane 
perpendicular to the c-axis, and a motion of the Ha ion in a 
direction parallel to tho c-axis can not take place . This 
has been confirmed by experiments.^ 

The sodium ion containing planes are loosely packed, 
with sodium ions randomly distributed over sitsa, whose nimiber 
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before it can jianp. (Die sodim ions are thus in a quasi~ 
liquid state* Hie conduction is therefore a two-diiaensional 
coimterpart of the conduction exhibited by the other classes 
of 'super ionic conductors*, vis, the alkali metal silver 
halides and defect stabilised ceramic oxides of the fluorite 
structure . » 25 

The variation of electrical conductivity with temperature 
for beta-alumina single crystal and polycrystalline phases is 
shown in fig. 4.3* on a log oT vs, l/T plot. The higher 
conductivity of p^^-alumina may, in part, be due to difference 
in soda content between ^ and p-alumina, and the differonoe 
is the structure of la"*" containing planes. The conductivity 
of the polycrystalline material is lower because the conduction 
is anisotropic and averaging takes place when crystallites 
are randomly oriented. Poly cry e-^lXine p”-nli«l»a has aiuch 
larger conductivity ti^ polycrystalline p-alualm- and was 
therefore preferred for use as a solid-electrolyte in the 
sodiian-sulfur cell. The electron transfer nmber of beta- 
alumina is nearly unity, 

1.5 Ion-exchange Properties 

The sodiiun ion in beta-al^amina can be readily exchanged 
with numerous ions from molten salts,^ The monovalent ions 
tha.t have been incorporated into the structure arc: K'*', Li"^, 
Ag"**, Rb'*', SO***, da'*', 

4- 

Ra p-alumina has the highest ionic ccnductlvlty out of 


all these. 
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2, SCRBByiNG 0? TSB BLBgIROLYTB 

The power and energy requirements of a sodiian-sulftir 
battery critically depend on the ionic and electronic conduc- 
tivitios of the solid electrolyte. Prolonged olectrolyte 
life reqiiires resistance to crack formation during charging. 
Density, permeability, electron transport number and ionic 
conductivity tests, and mechanical strength tests after 
passage of current through it, are necessary for screendLng a 
material for the battery use. 

2 .1 Ionic Conductivity Measurement 

(Kie ionic conductivity of the highly conductive 
solids is very difficult to measure because of the problem of 
polarisjation at the electrodes. One way to avoid polarization 
is to hse' a reversible electrode, such as liquid sodiina, for 
the measurement of d.c* I'a'^ conductivity in beta-alimiina. It 
is a common practice, hbwever, to use a| 0 , at a frequency 
just large enou^ to' avoid polarization* i,#» frequency at 
which the frequency dependence of conductivity disappears. 

With silver paste electrodes, a frequency in the lEz range 
is needed to avoid polarization in la. 

•)!> 

Different electrodes used are listed below: 
i) Indium, at 500 KHz and 25®C, for single crystal^ 
ii) (a) liquid sodium, at 1592Hz, 300°C, on sintered 
materials 

(b) la/Hg amalgam 

* See Table 6,6 fer details* 
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iii) (a) Ag paint 

(b) evaporated 

iv) Au (eTaporated) 50~500°C 

v) Pt, at 800 KHz^° 

Vi) (liquid) 320~400°G.^^ 

vii) HaNO^/NaFOg + Pt, 250-350°C.^^ 

viii) Aqueous 5M lalfO^, 30-80^0.^^ 

ix) Shmgsten bronze, d.c., -150°G-800®C.^^ 

x) Evaporated aluminum contacts^^ 

Hi^ frequency of tbe order of 1 Ifflz is necessary with 

blocking electrodes, A lower frequency can be used with 

liquid electrodes, With timgsten bronze electrodes, which are 

both ionically and electronically conductive, and exhibit 

reversible behavior, a large temperature range can be covered 

without occurrence of polarization, 

She electrode hlooking problem has been solved 

Mltoff^*^ and 'Pally et al^"^, by the use of four probe method. 

03ais technique permits accurate determination of bulk . 

conductivity when contact iapedanees approaching values as > 

XP 

high as 10 ohms are present. low voltage a.c, current 
probes allow flow of current through the sample without 
providing a separate source of ions at the electrode, low 
frequencies are preferred because high frequencies can 
capacitively by-pass grain boundary resistances. A frequency 
of 20 Hz (triangular waveform) was used by MLtoff with 
cathode sputtered Pt ©leotrodes, and a frequency of 1 KHz 
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was used "by Fally et al. with. Pt or Ag paste electrodes. 

km electrical screening procedure should he fasti 
simple and amenable to quich checking of a number of 
samples . !Ehe test should be accurate and require simple 
auxiliary equipment. 

2.2 Study of Degradation 

The life of the sodixim-sulfrtr cell is almost 

invariably terminated by the failure of the solid electrolyte, 

due to crack formation during prolonged charging. It has 

been found that damage is initiated only act sites where sodiimi 

ions are converted to sodixsa atcras. At pre-existing surface 

cracks dendritic growth of sodium starts and advances into 

the electrolyte. The presence of metallic sodium has been 

confirmed by taking scsnnlng electron microgra|&s of 

fractured surfaces^^,, and a plausible nechaniOTi of 

17 21 

degradation has been siiggested * 

The molten sulfur and the soditsa polysulfides have 
been found to have cc«plete chemical compatibility With 
beta-alumina. Hence, for studying of the degradation of the 
electrolyte, the actual life determining conditions can be 
simulated in a electrolysis cell or a Ifa/electrolyte/5a 

cell. From the sodium-sodim cell information regarding the 
interface properties can also be obtained. 
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fMApqnro t 

SXPBRIMBITAI. HtOCEDUEB 

l.^_ PABRICATIOH OP miEBRIAL 

I!he detailed procedure for powder preparation, doping 
and sintering is given by Ray^^. Identification of tiie 
resulting phases has also been carried out by him. Only a 
brief outline is included here for completeness, 

1.1 Powder Preparation 

(a) p-alumina: ^Sl200^ (AR) and AlgO^ (Alcoa) were 

iised as the starting materials for the preparation of p-altaaina 
(as also for -alumina ) . A eutectic composition of the two 

(36 mole % Na^O 64 mole itAl^O,) was latlaately mleted uader 
extra pure acetone, and calcined at llOO^C for 4 hoxire. Bae 
reaction product was thoroughly mixed and subjected to an 
electric arc. Por this^ the powder was heaped on an alumina 
plate and enclosed by an aiumina ring to prevent it frcan 
flying away. After fusing an spj^opriate amount, the torch 
was removed to allow the fttsed mass to solidify quickly* fills 
fused mass was crushed, ground to a fine powder, then leachted 
with dil. HCl, and washed to rraaove any RaAlO^ formed, fixe 
resulting single phase p-alumina as determined by X-ray 
diffraction was dried and stored in a dry atmosphere. 

(b) MgO Doped p-alumina: 2 wt. 35 Hjg^ and 3 wt. lia^OO^ 
7 rsa?e added to the p-alumina powder obtained by fusion and the 
mixture heated at 1200^0 for 2 hours, fine product was then 
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pelletized and heated at 1400^0 for one hour in a platinum 
crucible. [These pellets were later crushed, ground and 
leached to yield 1,25 wt. % IgO doped p-alumina. 

(c) MgO Stabilized p^ ^-alumina; ^ 2 ^’^ 17a2CO^ were 

mixed along with varying amounts of %0 and prereacted at 1100*^0 
for 4 hours . [Ehe reaction product ms homogenized under acetone 
and pelletized in a steel die at 5000 psi. IThe pellets were 
heated at 1350°G for 3 hours and then crushed, leached and 
ground to fine particle size. Ihe resulting material was 
found to be stabilized p^ -alumina powder. 

1.2 Pressing 

IHie powders were ground to a finer size, under ethylene 
glycol, using a power-driven alumina morter and pestle. After 
grinding for about 7 hoxirs, ethylene glycol was removed by 
repeated washing and filtration. Bie powder was dried at 
30©°C for a few hours. Bie remaining ethylene glycol serve® 
as a binder during pressing. Pressing was done liising steel 

t j. jfj^ 

dies, and a hydraulic press. Discs of 1/4 , 3/® and 1 diameter, 
were pressed under pressures upto about 40,000 psi and then 
heated at 300°C for several hours to remove the organic 
matter. 

1 .3 Sintering 

The sinteringwas carried out under coarse p-alumina 
powder, in alumina crucibles. [Ehe discs were presintered at 
1400°C for 1 hour and then fired in a Zirooa pot furnace. 
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The temperature was maintained for 4 hours at 1700°C, (as 
measured by an optical pyrometer focussed on the top of the 
muffle that was used to cover the crucibles). The discs were 
taken out at about 150*^0 and transferred to a vacuum desicator, 

1.4 Density 

Very little shrinkage occurred during sintering and 
the resulting firdd densities are low compared to the 
theoretical density of p*-alumina. The densities of the 
sintered specimens, for the various starting compositions 
are shown in Table 5.1. 


Table 5 »1 



Fired Densities of 

Various 

C dmpos it i ons 


■1 — ~ 

Symbol {JJominal J’ormtaa 
r 

f 

1 ■ 

,*wt. % Components 
'jlagCO^ %0 ^ 2 ^ 

1 

\wiTed 

|d«tsity 

p -aluminas 




A 

1 .13Ia20 .1 .0%0 . 511^05 

IT- 88 

6.02 T6.1 

2-55 

B 

1 .i^SagO .0 .S4«g0 

18-05 

5.15 76.8 

2-5C)- 

C 

1 . 13Na20 . 0 . 69MgO . 5AI2O5 

18.22 

4.25 75-29 

2.40 

P -alumina ; 




D 

pure p-alumina 

56 - 64 

(used for fusion) 

2,8 

B 

1.25I%0. doped p-altimina 

2 ^ JiSgO added to D 

2.4 
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2, COHDlTCHVI!nr MSiLSUREMBHO? 

Two electrode aystais were used to measure the 
conductivity of the heta-alumina specimens, (l) Olie silver 
paste system was used with 1 / 4 ”^^ dia. pellets in the tiMiperature 
range 200-550^0. (2) Bie molten SaHO^ electrode system was 

used with 5/8*^ pellets in the temperature range 320-400°C. 

The discs were polished, first with diamond file and then with 
fine beta-alimiina powder. !Ihe silver paste was applied in 
two successive thin layers, with bahing at about 150®C for 
2 hours, and was found to adhere satisfactorily. A quartz 
sample holder (fig, 5.1), was used for resistance measurements 
in air. Platinum leads were used to laalce contacts with the 
silver paste, using a spring-loaded altssina rod to press the 
flattened ends of the Pt wire against the Ig paste. The Pt 
leads were connected through a 00 -axial c^ble to the mesasuriiSi^ ' 
bridge . 

For the liquid electrode measurements with the 

beta-alumina discs were sealed to pyrex glass tubes, using 
'Autostic' (Carleton Brown ltd,, England), an alumina-based 
cement, which does not react with the molten salt and has a 
negligible electrical conductivity. The cell used — shown 
in fig, 5.2 — was placed inside a temperature controlled 
electrical resistance furnace for measurement, Pt leads 
dipped in the melts were used as contacts. Steall pads of 
carbon felt were put on either side of the disc. The Pt 
leads were connected through a very short coaxial cable to 
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the measuring hridge to reduce lead impedance. 

Greneral Eadio 1606-A r.f . bridge was used together 
with a General Radio type 1211-C tmtfe oscilator for resistance 
measurements at 1 Mz. BSL. R0 536 Cd receirer i>t&B used as 
the detector. !Siis detector has a beat frequency oscillator 
that converts r.f. into a.f. The output was fed to a lo\id- 
speaker and a cathode ray oscilloscope in order to get a 
sharp null. 

General Radio 1650 Bridge along with General Radio 
1210-C R-C oscillator and type 1232-A tuned amplifier and 
detector was used to meaSTire resistancest other audio 
frequencies (200 Hz to 20 KHz), a© cells were placed inside 
a Kanthal heated furnace whose tatperature was controlled 
within ± 0,5°C by a leads and lorthrup Klectraiax Controller, 
Effort was mhde to keep the meastiring chrcmiei-'eluael 
thermocouple a® near to the sample as possible. Reproducibility 
of measur^^ts was checked by making measurements both during 

heating and cooling* 

SODIPM/SOBIUM CELL 

5/8^^^ discs of composition B (l*5gO stabilized ^- a lu min a) 
and D (pure p-altamina) were used for these experiments. Ihe 
discs were polished and sealed to a pyrex glass cell shown 
in fig. 5.3» using ‘Autostic*. Both limbs of the cell had 
tungsten leads sealed to them. Ohe assembly was checked for 
le^s under vacuum, upto 50 micron, Sodii® metal, covered 
with liquid paraffin was transferred into both limbs of the 
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U-tube cells and then washed with benzene. Both limbs were 
immediately evacuated simultaneously and sealed after heating 
the cell to about 500°C using a heating tape. Since no att^pt 
was made to purify the sodium before sealing, it should contain 
dissolved oxide. 

!Phe cell was placed in a temperature controlled electric 
fiirnace. Using a copper wire the leads were connected to the 
General Eadio 1650 Impedance Bridge. Since liquid soditm 
does not ifeadily wet the discs, a time lapse of about 6 hours 
at,^575°C was allowed for this, 1 KHz resistance was taken 

at 1 hour intervals after the temperature reached 550 0, 

After the wetting took place, d.c. and 1 KHz resistances were 
measxjred in the temperature range 200—1150^0, At two temperatures 
viz., 350°0 and 500°0, the resistance and series capacitance 
of the cell were measured as a function of frequency from 
200 Ez to 20 KHz and at 1 Mz, 

A 1 in, diameter polished disc was sealed to one end 
of a pyrex tube using *Autostic‘. A graphite felt pad was 
placed inside touching the disc , and a lead wire kept in 
contact with the felt. The tube was evacuated, filled with 
Argon at low pressure ClOOO micron) and then sealed. This tube 
was dipped in a molten sodium nitrate bath at 520°C, held in 
another pyrex vessel in which a stainless steel electrode 
was dipped (fig- 5-4)- Blectric current was passed using the 



NaNO^ side as the cathode. A 6.5 V" d.c. power supply in 
conjunction with a series resistance was used aa a source. 

The voltage across the p-alumina sample was kept less than 
5 volts, because electrolytic decomposition of p-alumina itself 
might occur otherwise. At first the carbon felt did not make 
a good contact and currents of only few milliamperes could he 
passed. After some time, the current increased gradiially and 
was fixed at 20 mA by controlling the applied voltage. After 
passing a considerable charge throu^ the cell the inner tube 
was weighed to check for any increase in mass. The total 
amount of charge i^ssed was also noted. The tube was later 
broken and the disc examined to see any mechanical or visible 
degradation. 

5. la/S PELL 

A 1 in. diamster disc of cooposition B wa# sealed to a 
pyrek glass tube by means of ’Autostic' . This tube was 
Sealed to an outer glass vessel. Tungsten lead were sealed to 
both compartments usihg glass to metal seals (fig. 5.5). The 
cell was filled with 4 gms of Fa and 10 gms of sulfur, sealed 
and tested for the e.m.f. developed. 
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CHAPm 71 

RESULTS AED BISCUSSIOH 

Proper electrical characterization of a solid 
electrolyte can he carried out only on a dense ceraiaic, preferably 
composed of a single phase. As shown in Table 5 ‘If the present 
samples have densities ranging frc® 2,4 to 2.8 gms/cc, cc®pared 
to a theoretical density of about 3.2 gms/cc. In addition to 
this relatively low density, these sasples were found to contiaiB 
phases other than ip and p” adumina.^^ Hiese factors should be 
expected to affect meir electrical behavior and ^uld thea^ef<B« 
be kept in mind in the analysis of the electrical data. 

1, OOm>80TI7ITY MEAeURS»lT--“gBSUl>g8 

1.1 Silver Paint gLeetrodas 

Resistance measuraaente at 1 Ifiz, in the tenpeiature 
range 200 - 350°C, were carried out with the five sample 
compositions. A through B, using silver paint electrodes. The 
resiats tabulated in Table 6*1, have been plotted in Fig. 6.1 
as a log a vs. l/T plot. Using the Arrhenius relation 

<jj » exp(- B/RT) 

where Ojp = electrical conductivity at temperature Tf 
Oq = pre-ffxponantial :fector, 
aT>d B = activation t^ergy, 

the activation energieb (I) have been calculated from Ihe elcj^s 
of the plate have bean, included in table 6«1* 
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Table 6.1 

Conductivity Data with Silver Paste Heetrodee 


f = 1 »z 


Sample 

Specific conductivity c, 
Temp.°G 200 225 250 275 

10“^ (ctei-cia)*’^ 
300 525 350 

Activation 

energy 

A 

8.0 8.5 9.4 11.4 13.5 16.0 17.7 

17.0 

B 

3.2 4.6 5.4 6.5 

8.0 9.0 10.9 

19.2 

C 

2.8 3.6 4.1 4.6 

5*7 6.4 6.5 

15.9 

D 

1.3 1.5 1.7 2.1 

2.4 2,6 3.5 

14.5 

B 

1#7 2#6 

3-2 3.7 4.5 

15.8 


Table 6*2 

Oonductivlty D&U for laBO^ KLeotrodes 
t = 1 mz 

Bsanjile 

Specific conductivity o, 10“*^ (oha-cm)”^ 

Activation 


Temp. 320 340 350 360 380 400 

energy 

kj/mole 

A 

65.1 75.0 79.0 85 90 100 

16,5 

B 

60 70 73 75 76 80 

14.0 

C 

58 61 64.7 65*5 70 73 

13.5 

D 

28 31.4 32 33.5 34 36*6 

13*0 

B 

72.7 78 so 82.7 85*7 86 

15*5 
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1.2 NaNO^ liqiiid Electrodes 

Molten HaJiO^ electrodes were tised for iaeeisiirB»ent of 
resistance witli frequency in the range 200 Hz to 20 IsHz and also 
at 1 MHz at 350°C and 400^0 (Table 6.3 and Pig. 6,2). In the 
measured frequency rar^e, the conductivity increases more steeply 
in the lower frequency range than at hi^ frequencies. In the 
case of sample D, the conductivity attains a constant valtie at 
10 kHz or lees where as for other samples, the conductivity 
increases slowly even beyond this frequency. This indicates 
that, polarization effects are generally important at frequensi^,, 
below about 10 kHz and become small or absent at frequencies of 
about 1 MHz, As a practical measure, the conduct ivitjfce® of stll 
the samples were measured at 1 Itttz in the temperature range 
320 - 400°C (Table 6.2, fi^. 6.1), The aotivatioh energies 
calculated from log o vs, l/T plots (Pig. 6,1) are inoludied in 
Table 6.2, 

The effective diameter of the pyrex tube was taken as 
the effective diameter of the sample. The resistance of the 
cell arrangement with an insulating ceaent layer on the sample, 
was found to be about 50 kilo-ohm compared to the average sample 
resistance of about 20 ohms, and therefore the error introduced 
was neglected. 

1.3 Lioijid Sodiim Electrodes 

T hft resistance of the s odium, /p—alu mina/ sodium cell is a 
function of the wetting of the ceramic by liquid sodim, which 
is a function of time and temperature. The resistance variation 


lable 6,3 

Variation of Conductivity with Preq.uency 
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Molten HaHO^ Electrodes 


San pie 


Conductivity cr. 

10”^ 

(ohBH-ca)'”^ 


frequency 

EHs: ^ 0.2 

1 

2 

5 

10 

20 

1000 

I) Temp, => 550°0 








A 


20 

45.1 

52.6 

58.5 

65.0 

70.0 

79a 

B 


- 

58.6 

47.0 

52,0 

58.0 

60.0 

73.2 

C 



37.5 

43-0 

46.0 

50.0 

55.0 

64.7 

D 



26.0 

27.0 

30.0 

31.0 

31.4 

31.5 

E 


- 

40.7 

52.2 

63,2 

78.9 

79.0 

80.0 

II) Temp, 

s 400®G 








A 


35 

58*5 

64.2 

79.0 

80.0 

87.0 

100.0 

B 



47.0 

55.0 

60.0 

65.0 

70,0 

80.0 

0 



44.0 

50.0 

55.0 

60.0 

65.0 

73.0 

D 


20 

30.1 

31.2 

32.8 

33.0 

34.2 

36.0 

B 



48-.e 

57.5 

64iO 

72.0 

74.5 

86.0 
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of a p*’ -alamiaa (composition B) sample is shown in Fig* 6»3» 
as a function of time. Ihe resistance was measured at 1 IsHz 
at a temperature of about 575*^0 , She condiictivity vs, 
temperature for a pure p-alumina sample (D) in the range 
200-550*^0 measured at a frequency of 1 IsSz and with d.c. is 
tabulated in Table 6.4 and plotted in Pig. 6.4. I5ie variation 
of resistance with frequency at 500*^0 and 350*^0 for pure |P- 
aJ-tanina sample (D) is shown in Fig. 6.5 and Table 6,5. 

Series capacitance of the pure ^- a l u mi na sample was 
measured at 3O0°C and 350°0 with frequency as a parameter. The 
corresponding reactance values were calculated and plotted 
along with resistance values on an impedance plane to yield 
Cole-Cole type diagrams (Fig, 6.6)*, Bie diagrams have bee* 
completed on the low frequency side' ly joining the value 'Wt 
the lowest meas,ured ft'equenoy with the value at d.c. This 
was done since meaeurements could not be carried cut at very 
low freqtiencies, 

2. DISCUSSION OF COHDDCTIVITY RESOIiTS 

The results obtained with silver paste, molten sodium 
nitrate and liquid sodium electrodes are discussed here in 
terms of (i) electrode sysirems, (ii) composition, (iii) 
temperature and (iv) frequency of measurement. The liquid sodium 
electrodes were used only with a pure p-alwaiaa sample (B), to 
measure impedance as a function of frequency and temperature* 

The results thus obtained will he discsussed in detail under a 

sepeh^te headir^* 
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tPalsle 6.4 
Resistance 

tn-riatioa of Ra/^-aliaaina/Ha Cell with femperature 


Temp. °C 

"T — T 

1200 1 
> 1 

r 

225 J 

1 

1 

"""T. 

250 j 

1 

275 

T 

) 300 

1 

A 

T 

{ 325 

j 

I 350 

I) f = 1 KHz 








R, ohms 

85.4 

60.2 

40.5 

30.8 

21.2 

16.5 

12.6 

cf X 10^, (ohm-cm)”^ 

2.24 

3.17 

4.72 

6.20 

8.75 11.60 

15.16 

II) D.C. 








E, ohms 

100 

75 

45 

34 

23 

18.5 

13.8 

a X lO^jCohm-cm)”^ 

1.91 

2.54 

4.25 

5.62 

8.30 10.12 

13.8 










77 


lable 6.5 

Ha— electrode Impedance Ifeta with 
Frequency as a Farameter 

I) lemp, = 300°C 


f, Hz 

■ 

B 

n 

-'"r"" 

Ik i 2k 

1 

t 

m 

BB 

» - - 

R, Ohms 

23*0 

21.6 

21.3 

20.8 26.5 

2Q.4 

20.2 20,15 

20.0 

0,, hT 

- 

1*3 

1.2 

X*1 

0.98 

0.90 0.8 

- 

l/wCg, ohms 

- 

612.3 265.3 134*9 72.3 

32.5 

17.7 10.0 


11) ISemp. * 

550*^0 







R, Ohms 

13 *S 

13*0 

12.8 

12.6 12.5 

12.4 

12.35 12.32 

12.30 

0., ^ 

«w 

4*0 

2.4 

1.3 1.1 

1.08 

1.05 1.05 

- 


l/wCg, ohms 


199.0 132.7 132.5 72.4 29*5 15*2 7*5 
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2 •! Electrode Sy s'fcftni^ 

The conductivity values obtained with molten lalO^ 
electrodes are much higher (by about 5-10 times) than those 
with silver paste, (Eig. 6.1). fhe values obtained with 
liquid sodium electrodes are intermediate between these two. 

EaNO^ and Na electrodes being liqiiids are reversible to a large 
extent, whereas the painted silver electrode^ is essentially a 
blocking electrode. Different electrode systems may give different 
values of conductivity depending upon their nature . 

Pigure 6.9 shows the results of conductivity measmremfint 
by Armstrong et al conducted on p-aluaina using molten 
molten EaEO^-HalO^ , evapo^rated gold, sodim aial^m and aqp|WhWi> 
FaJfO^ electrode syst^s. The stmi^t lines drawn are beliewsd 
to represent the true conductivity vs, temperature relation. 

The experimental values agree quite well at hi^ temperatures 
but diverge from the line at lower temperatures, molten 

salt electrodes clearly give a satisfactory contact. 
evaporated gold electrode results give a strai^t line uhioh 
is parallel to and below the line for molten salt electrodes. 

The aqueous NaEO^ results agree well with gold electrode data 
in the temperature range investigated. &© slope of the soditsa 
amalgam results Is much larger at lowen temperatures* these 

divergences from the straight line are smaller in the 
crystal case than those in the polycrystalllhe oase* 

Other worksjps have also reported different taluss for 
the conductivity of ^-alumii^ u«litg different electrode eysteisa 
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over a range of frequencies and -temperatures, liable 6.6 

# 

summarizes these results. 

!Ilie present measurements confirm the above mentioned 
facts for the three electrode systems considered. Bie Ag paste 
measurements give lower values than the lalO^ electrode 
measurements, but with the same slope. Qxe liquid soditsa 
electrode syst^as give intermediate valiaies which fall more 
rapidly at low temperatures. Fig. 6.7 illustrates -these facts 
for composition D» 

2.2 Oomnosition 

ahe conductivity of beta-aluadna varies to a large extent 
with the variation in phases present, composition etc. the 
amount of sodium is, of course ^ a determining factor. »ds is 
evident from the single crystal and polycrystal conductivity 
data (Fig. 4.5). 

The conductivity of p-alumina increases with MgO content. 

Mg'^ ions go to the sites and this necessitates tiie 

presence of extra sodium ions in the sodium conta in i n g planes 
for charge neutrality. Thus any increase in ISgO content should 
cause a proportionate xncrease m the concenti*ation of the 

28 

moving species. The effect of MgO additions has been studied, * 

It was found that the increase in conductivity is not proportional 


to the amount of MgO added 
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^"ble 6.6 

Conductivity Meaatirenents on p->al\imina 


Material Electrode 

Preijuency 

Hz 

a X 10^ 
(olim-cm)" 

lemp. 

’1 Og 

Activation 

Energy 

kJ/mole 

Ref, 

Single 

crystal Indium 

500 k 

5015 

25 1 

11.1 

3,6 

M 

If 

285 

500 1 



- 

- 

25 

25 j 

14.0 

26 

IMP 

- 

555 

500 ! 



Na 

- 

78.5 

100 


34 


- 

14 

25 

15*8 

27 

Sintered 

dis© ^ifliUeous 

5JC JlairO^ 

1 H 

1,84 

25 


26 


10 k-1 II 

28,5 

300 

- 

•If 

Na 

d . c . 

4.5 

25 

•M 

3 

Na 

d.Ca 

55 

300 

•W 

ri 

Evaporated 

Ag 

0.75-10 k 

0.66 

25 

•m 

28 

MgO doped 
(1-4 pet.) " 


3. 5-4. 4 

25 

14.6 

H 

2 pet MigO 
•'oped Ha 

1552 

36 

300 

13.5 

35 

MgO doped Ag 

1000 

125 

350 

16.0 

17 

MgO and 

ZrOg doped ** 

It 

200 

n 

ti 

It 

Pure, 

P-alumina Ha 

ao k 

62.5 

II 

1* 

33 
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This suggests that seme other jiiencmenon is involved, ^ohably 
beyond a certain limit ions occu^^ sites that are not 

occupied by Al^'*' ions in the spinel blocks. 

For polyphase materials ccanprising of ^ and p“ aliminas, 

the conductivity varies linearly as the percentage of p*' 

33 

increases. Materials with other less conducting or non*- 
conducting phases should show a further deterioration of 
conductivity . 

The pure p-alumina sample (D) shows the lowest conductivity 
of the series. Sample E, idiich contained 1.25 ^0 has a higher 

conductivity, as expected. jKie conductivity would have been 
much hi^er had its density been eqTial to that of sample D {B 
has 2.4 as compared to 2.8 gms/cc of B>. She conductivities of 
p" -alumina specimens A, B and 0 are higher than those of pure 
and doped P-alumina, with the conduotivlty increasing as the 
extent of doping increases, feuaple A with Ihe hipest amount 
of MgO, shows a conductivity of 65 x 10*"^ {<*m-c 9 a)’“^ compared 
to a value of 58 x 10”^ (ohm-cm)*^ for sample 0 at 320^0 (as 
lUGasuTBd with th6 BiBctrodGs) # At ths toxnpoi^eitxtrOj^ 

the conductivity of pure p-alumina is 28 x lO"*^ (chm-cm)*’^. 

!nie conductivity of p»* samples thus is about twice that of 
P sample. The conductivity should have been, however, about 
one order of magnitude larger on the basis of single crystal 
conductivity data (fig, 4*3). lower density, presence of other 
phases seem to be responsible for this. 
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2.3 Temperature 

Fig. 6.1 Blioirs the conductirity of all the samples 
plotted on a log <s vs, l/T diagram* The data obtained from 
the silver paint measurements fall ne^M'ly on a strai^t line 
and thus follow the Arrhenius relation. With sodium nit3?ate 
electrodes the straight lines observed in log cr vs. l/T plots 
in Fig. 6.1 exhibit a slight curvature, when the same data are 
plotted on an expanded temperature scale* 

The activation energies calculated for the samples, 

vising Ag paint electrodes (Table 6.1) are nearly the swe as 

the published values (^^.14 for p-alimiBs)^®* Bie 

values obtained with HalO^ electrodes are subtly lower* !lhe 

value of the activation energy caiciilated fT'Cp the slope of "ttie 

log a vs . l/'T curves for Ba/p’-al’wwiha/Sa sell (3Pig'* 3*4) is 

about 30- kJ/aole^ which is about twice •yie value ebtaliied frcai-' 

molten NaWO^ or Ag i>aste measur^aents . Similar slopes have 

been observed by Sudworth, (Fig. 6,10), using purified sodium 

33 

and oxide saturated sodium with tubes of electrolyte. The 
liquid sodium electrodes can cover a wide range of temperature 
(150-400°G), where as molten system is limited to a 

range of 320— 400°C. 

Resistance measuTOTients were carried out on p” -alumina 
(sample B) at lower temperatures (upto 125^0 ) using Ag paste 
electrodes. The results obtained are plotted in Fig* 6*10* 

A break in the strai^t line can be seen at about 180^0, 
below which the Slope is much hipbex* A similar behavior has 
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been observed by othiers (Fig. 6.10) in the case ot polycrys- 
talline p " -alTJEiiiia samples the break occwing at different 
temperatinre depending upon the electrode systaa and the 
frequency used, ffiie change in slope is due to the change in 
the conduction mechanism and is not yet fuUy understood, 

2 .4 Frequency 

Electrode polarization is one of the most important 
factors to he considered in the conductivity measuTi^ient of 
Wper-ionic conductors’ (see See. 2.1 Chap. IT). With 
blocking electrodes, (silver paste) very hi^ freqtiencies are 
needed to avoid polarization, Using these electrodes Ihe 
resistance of the specimens was observed to be of 1he order* 
of tens of kilo-ohms at low frequencies (even upto 1CX> kSi?)* 
Ehe measurement was, therefore » carried out at a freq'uenoy of 
1 MHz, which is fairly hi^ and was easily available. B&ym^ 
this frequency, measurement becomes a problem, because of the 
sophisticated equipment needed, and the lead impedance, Bae 
polarization is not absent, however, even at this hi^ 
frequency , as proved by the fact that the conductivity value© 
obtained with EaNO^ electrodes are much hi^er for the same 
sample compositions. 

The frequency dependence of molten HaBO^ electrode 
measurements is shown in Fig, 6.2* The frequency dependence 

# 

does not vary much with temperature a© shofwa by the nature of 
the curves at 350°C and 400®0. 3hi8 ©hows that the system 
gives a very good contaot irrespective of the temperature 
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(above the melting point of HalO^, ^ 510 *^ 0 ), 

The IMHz valtie can be taken as the infinite frequency 
value at least for composition D. In fact, the frequency 
dependence is an interface ihenaaenon and depends upon the 
natxjre of the surface of the sample. With high density samples, 
the contact area is clearly defined by the geometric surface 
area of the sample, and therefore the frequency dependence is 
small . 

The d.c, series capacitantce with laSO^ electrodes was 
measured at some temperatures and found to be laahh larger than 
the expected values for a flat plate electrode ( 20 |iF/eE ). 

This proves that the effective surface area is larger the 

geometric Surface area, indicating, , thereby , that the electrode/ 
eleetrol 3 rte interfaed, is not ^larPt to the porous natwe of 
the electrolyte. Because of this a* interface impedance must 
come into the picture., Also,, since all the S'SiipleS were not 
of the same geometric shape, an accurate comparison of the 
bulk properties can not be done on the basis of these data. 

The pure p-altmina sample (P) shows the lowest frequency 
dependence of conductivity (Fig. 6^5). fhis is because, ihe 
specimens had the highest density and hence lowest interface 
effects. The doped -alumim samples had in general lower 
densities and show very large frequency dependence of conduct! vitj 
at low frequencies, because the interface impedance dcBsinates 
at low frequencies. 

In the ease of liquid sodium electrodes the frequency 
dependence is muefe amsllsr as Ediom in IPig* whidh. camples 
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the dependence of conductivity on frequency for M& electrode 
■’nd NaHO^ electrode systems at 350°C. Bie frequency dependence 
is, however, temperature dependent in this casei as shown hy 
J'ig. 6.5. At hi^er temperatures, the liqiiid sodium gives 
an improved wetting, and hence lesser frequency dependence. 

3 . Na/e-ALlMINA/Ha OBLL 

With liquid sodium electrodes wetting could he achieved 

at about 375°C only after 7 hours (i^. 6,3) » althou^ the 

sodim metal contained oxide Tdiich imjaroves the wetting 
33 

behavior The specimens could not he polished to a very 
smooth surface, because Of the low deoiity and the hi^ 
porosity} the liquid sodium thus mafclng oontaot only at 
projections on the specimen surface, and reducing the effeetlvs 
area of oontaot. '!I3iis cauSOs a reduction in the ohswved, 
conductivity. 

The impedance of the interface contributes to a large 
extent, as proved by the impedance plane plots (Oole-Oole diagrams), 
with frequency as a parameter (lig* 6,6). 53ie shape of the 
plots suggest an eqtii. valent circuit as shown in Fig. 6.6b.^^'^^ 

The presence of a Warburg impedance is confirmed, which shows 
that a diffusive process is responsible for conduction at the 
interfaces , Since p~alumina has a very hi^ concentration of 
mobile species - it is a ‘super ionic' conductor - in sin^e 
crystal and highly dense forms, the effect should he due to 
the presence of semi-infinite j^res at the interface* Impedance 
measurements have been done hy others atid similar reeuXts have 
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31 37 

"been obtained. 

These results prove that the surfaces of the samples 
shoiild be hi^ly polished to maike them *flat ' f for making 
sodium electrode measurements . Siis necessitates fabrication 
of fully dense sintered specimens. 

4. COMP^ISON OP ELECTRODE gYS!KBMS 

The conductivity plots for sample B, obtained using 
the three electrode systems have been replotted in Fig, 6.7 
for comparison. Molten is apparently the best of the 

three considered, althou^, it is applicable in a narrow 
temperature range. Compared to the HaMO^ syst« the molten 
sodium system works in a lauch wider range, and has BmalXer 
frequency dependence, (Fig. 6.8) as a result of which loirer 
frequencies are adequate , for measurements. 5!he frequency 
dependence is, however, temperature dependent and effective 
wetting needs a long time. Also this method requires hanHing 
of metallic sodium, which is very difficult. 

The silver paste electrodes give polarization even at 
very high frequencies. The four-probe methods can be used 
with silver paste^"^*^® or other blocking electrodes (see 
Sec. 2.1, Chap. IV) to get accurate values of bulk properties, 
but Mitoff outlined a very elabcnate eqttipment for this purpose. 
The molten MaUO^-lfaKOg electrode system requires attmiosphere 
control, while increasing the temperature range only by 
about 50®C, In the molten sodium nitrate case, the temperature 



is relatively unimportant as far aa wetting is concerned, 
compared to tlie liquid sodium case, in wiiich frequency 
dependence vanishes near 350°C* But this electrode system is 
more frequency dependent in the lower frequency range, showing 
the presence of polarization, fhe sodium ions are not readily 
available in this case as HaHO^ has to he electrolysed to 
yield Na*^ ions, fhis may give rise to evolution of bubbles 
of the oxides of nitrogen. Probably the formation of gas 
bubbles at the face of the electrolyte gives rise to polarization 
at low frequencies. Phis bubble entrapment can be avoided by 

keeping the active surface vertical# In the present stuuiy 

% 

molten gave higher values of conductivity than liquid 

sodium, however, other workers have foimd the reverse to be 
true . 

In view of these facts, the la®0^ electrode system is 
the most attractive system, because of the simplicity of the 
cell design and the eqtiiip.ent needed# liftLth dense sintered 
speciitens, the method should work satisfactorily at frequeajcy 
of about 10 kHz, The NaHO^ electrode system shoxtld therefore 
be preferred# The presently used sample holding technique 
could be improved for handling of a larger number of samples , 
by avoiding the sealing that is needed here. Larger rod shaped 
samples could be used, with pads holding molten NaHO^ on each 
end, the cylinderical surface being coated by an irarulating 


material . 
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5. NaNO^ ELECTROLYSIS 

A total charge of about 1650 coulcmbs was passe<3 
thro\i^ the cell. After carefully rraaoving the MaHO^ sticking 
to its outside surface , the tube was wei^ied and the increase 
in mass from the original mass was found out. The difference 
viz. 0.4 gms, must be the mass of sodium electrolysed and 
corresponds nearly to the value given by Faraday’s Law. Since 
1 Faraday (96,490 coul.) of charge should electrolyse 23 ©as. 
of sodium, the mass of sodium electrolysed by 1650 coul. 
should be about 0.39 gms. The test demonstrates the possibility 
of producing pure sodium metal electrolytioally, and can be 
used whenever the handling of metallic sodium needs to be 
avoided. 

After the test the electrolyte disc was eraaihed and 
found to have developed small black regions. Ho effort 
made to confirm whether these are metallic sodium accmulations. 

6. SODIOM-SULFUR CELL 

The pyrex ©Lass cell fabricated in the laboratory 
was placed inside a small electrical furnace and heated to 
300°C. The internal resistance of the cell was found to be 
very hi^ (few htmdred ohms). The cell exhibited a sli©h.t 
decrease in internal resistance as the teapearature was 
increased to 350*^0- Tho cell was allowed to stay at this 
temperature with a resistance load connected to its terminals. 
After a few hours the cell exploded I 
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Th.e electrolyte disc was found to have cracked into 
two parts. Oonclusive evidence could not be found to pin 
down the cause of the breakdown, E.ectrolyte cr&ckLng or the 
failure of the seal could bring about contact between the two 
compartments of the cell and might have been the cause of the 
trouble . 

It was concluded that the cell fabrication should not 
be taken up imtil the electrolyte properties and the sealing 
techniques are improved. 



SUMMLRT AHD CONCLDDINS REMARKS 


The conductivity of various MgO ataMlized and p 
aliunina samples was measured tisiiig silver paste, molten 
sodium nitrate and liquid sodium electrodes. It was found that 
the observed conductivity generally varied with the frequency 
of measurement indicating presence of electrode-electrolyte 
interface impedance. In this respect the molten sodium 
electrodes yield relatively frequency independent results 
althou^ the system attains equilibrium after a long time. 

Since use of molten NalO^ as an electrode system permits simple 
cell designs , this system appears to haw an edgie over other 
systems for purposes of screening electrolyte materials. 

With liquid sodium electrodes the nature of the electrode- 
electrolyte Interface impedance i«b determined bsy smking 
impedance measurements as a ftinotion of frequency* 

An attempt to make a cell, using a 1 in. disc and a 
glass assembly failed, as it gave very hi^ internal resistance 
and ultimately broke down* The presently fabricated material 
was found to be unsuitable for battery use due to its low 
electrical conductivity and high porosity . Althou^ the 
samples did not possess continuous pores, they wore not 
impervious. Por use in a battery, a ceramic should be dense and 
impervious to rule out possibility of diffusion of reactants 
across it. Even with an almost perfect electrolyte, it is 
essential to ascertain that it won*t crack when x^ed in a cell. 
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This req.xdres subjecting the candidate material to a test in 
which the actual life -determining conditions are simulated. 

Analysis of a cell design showed Ihat the use of 
materials having smaller conductivity does not much alter the 
cell perfoimance if the thickness is kept small. Some 
sacrifice in performance of a cell due to the use of an 
electrolyte with higher resistance may be traded off by an 
improvement in cell life due to the better mechanical 
properties of the electrolyte. 
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APPEHDIi: 


Intrinsic Efficiency 

The (xihbs free- energy change is related to the 
electrochemical eq.'uili'brlim potential B, hy the following 
relation; 

— A 0 = nFB 

The total energy change, ^ H in a reaction is, howoTer, 
always larger than G, and the re m ai n i ng energy ia lost as 
an entropy increase. 

Hence the maximm intrinsic efficiency is giTen by 

1 

%iax "'&'S 

This is in general nearly and can be neglected. Hie 

entropy increase gives r'tse to a hi^t loss, which anst be 
accounted for In 'designing the cooling sysieffl of a Iwittesy, 


Yoltage Efficiency 

As soon as a current (l) is drawn from a cell, tn© 
cell potential falls from the eanilibritaa value E to 
V — B - I S . where R* is the internal resistance of the 

r — j. rn 

cell due to polarization etc. merefore a voltage efficiency 
=s Y/B is defined for cell systems. 

Faradle or Ourren t B;fflciency 


The voltage efficiency glYos the actual efficiency of a 
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cell only if the reactants are ccmpletely conTsrted to 
final reaction products i,e., if the overall reaction is 
fully accomplished and none of the electrons take part in seme 
alternative reaction. To allov for the possihility that 
such a wastage does occur, a current or faradii efficiency 
7 )^ must be taken into account. 

• Overall efficiency 
In many reactions is virtiially \anity. 

Power Output 

!Ehe power P of an electrooheaical convertor is 
defined as 

p te 1? (watts') 


Energy Output 

Energy output* ^ (watt^hours ) 

where T is the discharge time in hours. It is assumed that 
all the stored energy is used up by drawing power uniformly 
at P for T hotirs. For large T, P or the current density has 
to be maintained to a small value. 

= I(B - I 

where t)^ =r discharge effici^icy 
stored energy 

She power P is aiaall, when the current is msall, eyen 
though the voltage T is near -fee S. ae power output 
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is also small, i?lie currsat is veTy large because of th.© 

growth, of the over potentials term). Thus the P vs, I 

shows a maxima. For getting a high efficiency, the power 
must he maintained at a low value. Conversely for a small 
discharge time, i.e., with high current densities, ths 
efficiency of conversion falls to a low value. At the 
highest current drains, both the power and efficiency fall 
to zero. 

Energy Density 

This refers to the energy which may he extracted frc» 
a given mass of reactants or a device per tmit mass. 

Energy density = nPE 
where M is the total mass. 

Since is dependent upon the rate of discharge for 
a certain device, energy density as well as power density are 
dependent upon rate of discharge. 
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